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Engineering  Department  of  the  Postgraduate  School, 
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Objective : 

To  study  the  effect  of  various  AC  compensators  on  the  performance 
of  an  AC  positioning  servomechanism. 
General  hfethods i 

An  AC  servomechanism  was  constructed  such  that  its  resonant  frequency 
and  the  amount  of  underdamping  could  be  varied  over  a  considerable  range 
by  means  of  amplifier  gain  control.  This  servomechanism  was  used  to  de- 
termine the  effect  of  varioxis  compensators  on  the  transient  and  frequency 
responses  of  the  system.  These  compensators  were  built  in  the  laboratory 
and  consisted  of  filter  networks  and  vacuum  tube  circuits. 
Conclusions : 

It  has  been  shown  that  a  phase-lead  compensator  which  is  a  consider- 
able improvement  over  presently  used  AC  compensators  can  be  built  utiliz- 
ing the  parallel  T  circuit  and  a  preamplifier  stage. 

It  has  been  indicated  that  it  should  be  possible  to  construct  a  phase- 
lag  compensator  using  more  than  one  jjarallel  T  filter.  This  was  unsuccess- 
fiilly  attempted  using  two  parallel  T  circuits  which  were  displaced  from  the 
carrier  frequency. 

It  has  been  shown  that  cascaded  high  and  low  pass  filters  will  not 
compensate  the  system  over  the  range  of  data  freqiiencies  encountered  in 
practice , 


STATEMEOT  OF  THE  PROBLEM 

This  thesis  is  concerned  with  the  problem  of  improving  the  per- 
formance, both  transient  and  steady  state,  of  an  AC  Servomechanism, 

The  word  "servomechanism",  as  used  in  the  material  which  follows, 
is  defined  as  a  closed  loop  automatic  control  system  which  specifi- 
ally  controls  an  output  position.  An  AC  servomechanism  is  a  servo- 
mechanism  in  which  not  only  is  the  error  signal  an  AC  signal,  but  the 
drive  motor  is  an  AC  motor. 

The  primary  purpose  of  any  servomechanism  is  to  drive  an  output  load 
in  such  a  manner  that  its  position  at  all  times  corresponds  to  that  of  the 
input  member  of  the  system.  However,  any  practical  servoiaschanism  can  only 
approach  this  ideal  due  to  the  effects  of  inertia  and  friction. 

An  example  of  a  simple  closed  loop  servomechanism  is  as  follows : 


tY^ev     ^tAtcVor 
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1/ 
/ 


Writing  the  differential  equation  of  the  system! 

Assuming: 

then,      K  i  -  ^  4"<S.    -^  ^  ^  (S « 


but,     Z      -  ^C  -  S)o 


then,    '^'''^"    ^  _^  ^^   ^  V^;  \)„    -   K  0 


This  equation  has  for  a  general  solution: 

And  depending  on  the  parameters  for  a  particular  system,  the  system 
may  be  overdamped,  critically  damped  or  underdamped. 

In  considering  the  foreging,  one  is  naturally  led  to  the  performance 
criteria  for  servomechanisms  (both  steady  state  and  transient) • 

The  most  important  steady  state  criterion  of  performance  in  a  position 
servomechanism  is,  of  course,  accuracy.  If  the  input  signal  requires  that 
a  given  load  move  to  a  specific  position,  then  the  servomechanism  is  said 
to  have  perfect  steady  state  perforr.ance  if  the  commanded  jxjsition  is  exact- 
ly obtained.  However,  few  systems  are  perfect,  and  the  accuracy  of  the  sys- 


tem  is  expressed  in  terms  of  the  deviation  of  the  output  from  the  command- 
ed position.  The  maximum  error  which  can  be  allowed  in  any  application  is 
usually  specified  by  the  user. 

In  any  given  servomechanism,  the  transient  performance  requirements 
(transient  performance  refers  to  the  time  interval  between  the  instant  of 
command  and  the  instant  when  the  load  reaches  steady  state)  are  more  varied 
than  the  steady  state  requirements,  but  are  equally  important,  A  criterion 
of  great  importance  in  considering  transient  behavior  is  stability  of  the 
system.  Because  of  the  feedback  loop,  it  is  entirely  possible  for  the  sys- 
tem to  hunt  continuously  (i.  e.,  be  unstable)  if  the  system  has  been  im- 
properly designed.  It  is  to  be  noted  that  a  stable  system  will  also  oscill- 
ate if  it  is  not  in  proper  adjustment,  but  the  preceding  stater:ent  refers  to 
a  servomechanism  which  is  impossible  to  stabilize  by  adjustment.  With  but 
few  exceptions,  specifications  require  that  a  servomechanism  be  stable. 
Speed  of  Response.  Generally,  specifications  for  various  types  of  servo- 
mechanisms  permit  several  concepts  of  response  speed. 
They  may  be  summarized  as  follows: 

(a)  In  some  systems  the  transient  response  is  considered 
to  be  over  only  when  the  commanded  steady  state  position 
has  been  obtained, 

(b)  In  certain  applications  no  overshoot  of  the  response 
can  be  allowed, 

(c)  In  the  majority  of  cases  the  transient  response  is 
considered  to  be  over  when  the  output  is  within  specified 
tolerances  of  the  commanded  position. 

For  requirements  (a)  or  (b)  the  critically  damped  condition  provides 


the  fastest  response  without  overshoot  and  would  probably  be  used.  When 
a  critically  damped  system  is  used,  the  speed  of  response  is  customarily 
expressed  in  terms  of  time  constants  —  four  time  constants  is  the  usual 
figure  of  merit  since  over  9B%   of  the  change  is  made  in  this  period. 

Requirements  as  in  (c)  above  are  usually  specified  when  it  is  vital 
that  the  output  reach  the  commanded  position  (within  the  specified  toler- 
ance) in  the  shortest  time.  This  is  accomplished  by  the  use  of  an  under- 
damped  system.  However,  when  an  imderdamped  system  is  used  it  is  not  poss- 
ible to  define  the  speed  of  response  in  terms  of  time  constants;  it  depends 
not  only  on  the  specific  system  and  the  amount  of  underdamping,  but  also  on 
the  tolerance  limits  specified.  Design  of  a  system  to  obtain  a  specified 
response  is  based  upon  figures  of  merit  that  have  developed  from  experience. 
Two  of  these  figures  of  merit  are i  (l)  Teak   Overshoot,  and  (2)  Frequency 
of  the  transient  oscillation. 

In  an  underdamped  system  the  output  will  overshoot  the  desired  steady 
state  condition  and  a  transient  oscillation  occurs.  The  first  overshoot  is 
always  the  greatest  and  its  maximum  value  is  termed  the  "peak"  or  "maximum" 
overshoot.  Any  undesirable  features  which  result  from  overshooting  will, 
therefore,  result  in  major  part  from  the  first  overshoot  and  the  succeeding 
overshoots  will  be  of  lesser  Importance,  It  thus  becomes  important  to  know 
what  imdeslrable  features  result  from  overshooting  and  the  limitations  which 
must  be  placed  on  the  peak  overshoot. 

The  two  basic  objections  to  large  overshoot  are :  (l)  The  possibility 
of  damage  to  the  system  which  may  result  from  the  large  accelerations  in- 
herent in  a  system  with  a  large  peak  overshoot,  and  (2)  The  slowness  with 
which  a  badly  underdamped  system  approaches  steady  state,  Experience  has 


indicated  that  satisfactory  performance  is  more  frequently  obtained  when 
the  peak  overshoot  is  limited  to  1,5.  That  is,  for  a  coinmand  signal  of 
unit  amplitude,  the  maximum  overshoot  vould  have  a  magnitude  of  1.5. 

The  frequency  of  the  transient  oscillation  is  important  for  a  number 
of  reasons;  chief  anong' them  are:  (l)  The  system  with  the  highest  oscilla- 
ting frequency  will  normally  have  the  fastest  response,  and  (2)  If  the  os- 
cillating freqiiency  is  at  or  near  the  natural  frequency  of  some  part  of  the 
system,  undesirable  relonance  conditions  may  occur. 
1,  Frequency  Response  Ifethods  for  Analysis  of  Servomechanism  Performance  - 

As  has  been  indicated  previously,  it  is  possible  to  analyze  any  given 
servomechanism  through  the  differential  equations  of  the  system,  but  for 
relatively  simple  systems  the  method  becomes  extremely  laborious.  Other 
methods  have  been  developed  for  servo  analysis  which  considerably  reduce  the 
labor  involved.  The  method  which  will  be  used  in  the  remainder  of  this  dis- 
cussion is  ths  frequency  response  method. 

From  the  discussion  of  performance  criteria,  it  is  apparent  that  the 
Important  feature  of  servomechanism  performance  is  the  response  of  the  sys- 
tem as  a  function  of  tins,  when  a  specific  input  is  applied.  The  mathemati- 
cal work  of  Fourier  has  shown  that  the  time  response  of  a  system  is  informa- 
tion which  is  contained  implicitly  in  the  frequency  response.  That  is,  if 
the  frequency  response  is  known  for  all  frequencies  from  zero  to  infinity, 
it  shoiild  be  possible  to  determine  what  the  transient  response  of  the  system 
will  be  for  any  specific  input.  However,  mathematical  methods  for  determining 
the  transient  response  from  the  frequency  response  are  quite  involved. 
Simpler  methods  have  been  developed  and  are  known  as  transfer  function  me- 
thods. 

Rough  con-elations  exist  between  the  frequency  response  curves  and  the 


transient  response  curves.  They  are: 

(a)  The  peak  overshoot  of  the  transient  is  somewhat  less  than 
the  height  of  the  resonance  peak  of  the  frequency  response, 

(b)  The  transient  oscillation  frequency  is  approximately 
equal  to  the  resonant  frequency, 

(c)  Systems  with  high  resonant  frequencies  usually  have  high 
response  speeds,  providing  the  height  of  the  resonance  peak  is 
not  excessive. 

Powerful  methods  for  the  design  of  servomechanisms  have  been  develop- 
ed in  recent  years.  These  methods  are  primarily  adaptions  of  methods  used 
in  designing  feedback  amplifiers  in  the  electronic  field.  These  methods 
involve  plotting  the  transfer  function  of  the  proposed  system.  From  the 
plot  of  the  transfer  function,  the  frequency  response  can  be  constructed 
and,  hence,  the  transient  response  of  the  system  predicted. 

The  transfer  function  is  defined  as: 

The  necessary  procedure  is  to  substitute  in  the  transfer  function 
equation  a  number  of  numerical  values  for  the  frequency  and  plot  the  re- 
sults. The  transfer  function  is,  in  general,  a  complex  expression  and  the 
numbers  obtained  are  vectors  having  a  magnitude  and  phase  angle.  There 
are,  therefore,  three  parameters  to  be  considered  in  plotting;  the  fre- 
quency, the  magnitude,  and  the  phase  angle.  The  transfer  functions  have 
been  plotted  in  a  number  of  ways;  chief  among  them  are: 

(1)  The  Njrqviist  Diagram,  in  which  the  transfer  function  is 
plotted  as  vectors  on  polar  coordinates, 

(2)  Logarithmic  coordinates;  that  is,  plot  log  magnitudes 


versus  log  Ui  and  phase  angle  versus  log  u  •  This  plot  is 
soraetLTies  known  as  the  Bode  Diagram. 

The  Nyquist  Diagram  permits  ready  determination  of  stability,  reson- 
ance peak,  and  resonant  frequency,  fifowever,  the  Bode  Diagram  permits 
ready  determination  of  steady  state  performance  and,  moreover,  shows  the 
effects  of  important  system  adjustments  and  of  adding  system  components. 
The  height  of  the  resonance  peak  and  the  natural  frequency  of  the  system 
may  be  estimated. 

In  practical  design  the  Bode  Diagram  is  most  commonly  used.  Al- 
though the  foregoing  methods  were  initially  developed  for  use  in  design 
work,  no  small  part  of  their  utility  lies  in  the  fact  that  the  process 
can  be  reversed;  that  is,  the  frequency  response  of  a  given  system  is  ob- 
tained and  converted  to  the  Bode  Diagram  plot  so  that  the  effect  of  system 
adjustments  are  more  readily  apparent.  The  Bode  Diagram  and  associated 
diagrams  will  be  used  in  this  thesis  to  compare  the  performance  of  the 
system  under  different  operating  conditions, 
2.  Compensation  of  Servomechanisms 

The  specifications  under  which  a  servomechanism  are  constructed  are 
often  conflicting.  That  is,  the  specifications  may  den-and,  for  example, 
that  the  velocity  lag  error  with  a  constant  velocity  input  be  five  degrees 
or  less  (the  position  of  the  output  shall  not  be  displaced  more  than  5 
degrees  from  the  position  of  the  input  command  signal  when  the  input 
signal  is  being  applied  at  a  sp)ecified  rata.);  the  satisfaction  of  the 
foregoing  may  require  that  the  gain  be  set  so  high  as  to  result  in  a 
grossly  underdeimped  system,  and  this  would  violate  the  specifications  re- 
garding the  maximum  peak  overshoot.  The  condition  just  outlined  would  be 
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characterized  on  the  Bode  Diagram  by  a  positivB  phase  margin  at  the  cross- 
over point  which  was  too  small,* 

The  problem  of  compensation,  stated  in  its  simplest  terns,  is  that  of 
modifying  the  transient  response  of  the  system  so  that  both  steady-state 
and  transient  specifications  can  be  realized. 

Compensation  of  servomechanisms  can  take  many  forms,  but  two  of  the 
most  widely  used  methods  of  compensation  (and  the  only  methods  which  are 
considered  in  this  thesis)  are  known  as  "phase-lead"  and  "phase-lag"  com- 
pensation, 
3.  Phase  -  Lead  Compensation 

A  clearer  concept  of  phase-lead  compensation  can  be  gained  by  a  con- 
sideration of  the  underdamped  response  of  a  servomechanism.  From  the 
graphical  picture  and  the  differential  equations  of  the  system  it  is 
apparent  that  the  envelope  of  the  transient  response  is  a  function  of  the 
coefficient  of  viscuous  damping.  The  peak  overshoot  could  be 
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reduced  by  increasing  the  viscuous  damping,  but  this  produces  an  unde sired 
increase  in  the  velocity  lag  error.  However,  if  the  curve  be  examined,  it 
will  appear  that  a  correction  which  is  a  function  of  the  rate  of  change  of 
the  error  could  be  used  to  modify  the  transient  response  while  at  the  same 


•See  "ServcHoechanism  Analysis"  by  Thaler  and  Brown  for  a  discussion  of 
design  and  analysis  by  use  of  the  diagram. 


time  leaving  the  steady  state  response  unchanged.  That  is,  in  addition 
to  the  error  signal,  a  signal  which  is  the  time  derivative  of  the  error 
signal  is  applied  to  the  motor. 
Consider  the  following: 

then, 

At 

and      \<,  ?.      V     K^    ^1       _       k,    (w^  v^V      +   K^.  ^^    <^^    ^t 

At 

=    /k,""  At  o^  kI     f,^  1,^^  vx\    ;       ^ ''  W.'  J^Jl 


<:> 


or, 


K.     /i    V   u^^(^^r       a^^   {^\^^) 


Since  the  phase  angle  of  the  error  signal  has  been  shifted  in  the  positive 
direction  by  the  amoxint  >\  ,  this  method  of  compensation  has  been  termed 
"phase -lead"  compensation.  Equivalent  terras  are  "Derivative"  and  "Error- 
Rate"  compensation. 

The  effect  of  phase -lead  compensation  considered  in  relation  to  the 
Bode  Diagram  is  to  shift  the  phase  angle  curve  upward  (in  the  positive 
direction).  It  also  has  an  effect  on  the  magnitude  curve,  as  can  be  seen 
from  the  above  equations,  but  not  a  proportional  effect.  Hence,  phase- 
lead  compensation  results  in  an  increase  In  the  positive  phase  margin  at 
the  crossover  point. 
J^,     Phase -leg  Compensation 

Although  phase-lead  compensation  tends  to  reduce  velocity  lag  error, 
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it  has  no  effect  on  steady  state  errors;  for  example,  the  steady  state 
errors  due  to  the  effect  of  the  load  exerting  a  torque  on  the  system. 
Consider  the  steady  state  condition  of  a  servo  with  velocity  input  or  a 
stationary  positioning  system  with  load  torque.  In  either  case  there  is 
a  constant  positional  displacement  between  input  and  output — in  other 
words,  a  constant  error.  The  only  way  to  reduce  this  error  is  to  in- 
crease the  drive  torqua.  The  derivative  signal  is  a  signal  proportional 
to  the  rate  of  change  of  the  error,  and  since  the  error  is  not  changing, 
it  would  not  be  effective.  However,  if  a  signal  proportional  to  the  in- 
tegral of  the  error  were  introduced,  it  is  readily  seen  that  the  error 
must  ultimately  be  reduced  to  zero  because  the  integral  term  eventually 
becomes  infinite  if  the  error  does  not  go  to  zero. 
Consider  the  following: 

then 

-J         -        —^  (jo 


and,   k,  E  V  k^  r  E  at   =.   k .  j^,^  ^  t  -  J<_  c^  a)  ir 


or. 


V'  '  ^^Vi    ^  ^""^  -^^^ 


The  origin  of  the  term  "phase-lag"  compensation  is  thwi  obvioiis 
from  the  above  equation.  It  is  to  be  noted  in  the  above  equation  that, 
in  theory,  the  signal  should  be  infinite  for  a  data  angular  frequency  of 
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zero,  and  shoiild  become  smaller  as  the  frequencj  increases. 

The  effect  of  phase-lag  compensation  considered  from  the  viewpoint 

of  the  Bode  Diagram  for  the  system  is  to  bend  both  the  magnitude  and 

phase  angle  curves  downwfiird. 

The  problem  with  which  this  thesis  is  directly  concerned  is  the  study 

of  vario\xs  methods  by  which  phase-lead  and  phase-lag  compensation  may  be 

employed  in  improving  the  performance  of  an  AC  Servomechanism. 
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II 

HISTORICAL  DEVELOPMENT 

In  the  early  history  of  servomechanisms  many  of  the  s^'stems  employed 
DC  throughout;  the  error  signal  was  a  DC  signal  and  the  drive  motor,  error 
detectors,  etc.  were  DC»  On  the  other  hand,  many  early  systems  also  used 
synchros  as  error  detectors  although  the  drive  motor  was  DC,  The  methods 
initially  developed  for  servomechanlsm  compensation  were,  nonetheless, 
networks  designed  to  operate  on  a  modulated  DC  signal. 

As  was  indicated  in  Chapter  I,  compensation  is  necessary  when  it 
is  not  possible  to  meet  both  the  steady-etate  and  transient  specifica- 
tions. The  most  common  types  of  compensation  developed  for  DC  servos 
were  passive  filter  networks, 
1.  DC  Phase-lead  Compensation. 

High  pass  filters  were  developed  to  approximate  the  requirements 
for  phase  lead  or  derivative  compensation.  In  general  they  produce  a 
lead  in  the  phase  angle  of  the  error  signal  and  also  give  greater  atten- 
xiation  at  the  low  frequencies  than  at  high  frequencies.  This  will  be  re- 
called as  the  requirements  for  phase  lead  compensation  from  Chapter  I. 

The  high  pass  filter  most  commonly  used  for  DC  compensation  is  as 
indicated  below. 
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utilizing  Laplace  Transforms,  the  transfer  function  for  the  above 
network  is  developed  as  follows: 
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The  effect  of  the  above  transfer  f\mction  considered  in  relation  to 
the  Bode  Diagram  is  to  shift  both  the  magnitude  and  phase  angle  curves 
upward  for  a  definite  range  of  frequencies  governed  by  selection  of  the 
filter  components.  That  is,  the  filter  is  not  a  true  differentiator, 
but  will  produce  an  effective  differentiation  over  a  limited  frequency 
range . 
2.  DC  phase-lag  compensation 

In  a  similar  manner  effective  phase  lag  compensation  was  accomplish- 
ed by  use  of  a  low  pass  filter  network.  The  most  widely  used  network  is 
shown  below. 


U 


The  developn^nt  of  the  transfer  function  for  the  network  follows 

eo        .        St,  vt 


6V, 


..Vev.  -v.    --        i^C  ^v^^        t.    --      U^ti;\    C 


The  phase-lag  compensator  must  give  the  converse  of  the  phase  lead 
compensator J  it  must  produce  a  lag  in  the  phase  angle  of  the  error  sig- 
nal and  must  pass  the  low  frequency"  signals  while  attenuating  the  higher 
frequency  signals. 

The  above  network,  like  the  lead  network  just  developed,  does  not 
give  a  true  integration,  but  effectively  accomplishes  the  job  over  a  limit- 
ed range  of  frequencies  governed  by  the  filter  parameters.  The  effect  of 
the  filter  relative  to  the  Bode  Diagram  is  to  shift  both  the  magnitude  and 
phase  angle  curves  downward  over  the  range  of  frequencies  governed  by  the 
filter. 

It  is  well  at  this  stage  to  point  out  the  fact  that  although  a  true 
integrator  will  shift  the  phase  of  the  error  signal,  as  will  the  approxi- 
mate integrator  above,  the  effect  of  the  phase  shift  is  actually  unwanted. 
The  desired  effect  is  to  decrease  the  magnitude  of  the  signal  with  fre- 
quency. A  reduction  in  the  magnitude  with  no  shift  in  phase  will  result 
in  a  lower  resonant  frequency  (which,  in  itself,  is  not  usually  desirable); 
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whereas,  the  effect  of  a  shift  in  phase  in  the  lagging  direction  unaccom- 
panied by  a  decrease  in  signal  strength  has  the  effect  of  making  the  sys- 
tem more  oscillatory.  For  these  reasons  phase  lag  compensation  by  the  use 
of  filters  is  ordinarily  designed  so  that  it  operates  at  frequencies  well 
below  the  crossover  point  frequency.  This,  in  effect,  utilises  the  de- 
crease in  signal  magnitude  featiire  of  the  filter,  while  allowing  the  phase  • 
to  return  to  very  nearly  its  origineil  val\ae  at  the  crossover  point, 
3.  AC  compensation 

With  the  foregoing  background  in  compensation,  it  was  natural  to 
consider  compensation  of  the  first  AC  servomechanisras  by  the  use  of  DC 
filter  networks.  Before  compensation  of  the  error  signal  could  be  accom- 
plished by  DC  networks  it  was  necessary,  of  course,  to  rectify  the  modulated 
AC  error  signal,  and  after  compensation  to  modulate  the  carrier  with  the 
corrected  signal. 

Although  the  DC  compensation  of  AC  servos  has  been  successful,  it  has 
disadvantages  in  that  it  requires  additional  components— expensive  com- 
ponents, when  the  better  circuits  are  used. 

To  overcome  the  disadvantages  of  DC  compensation,  much  time  and  effort 
has  been  spent  with  more  or  less  success.  Inasmuch  as  the  subject  of  this 
thesis  is  the  study  of  various  AC  compensation  methods  for  AC  servomechan- 
isras, some  of  the  successful  approaches  to  AC  compensation  will  be  sub- 
sequently discussed. 
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Ill 

EASIC  SERVOfffiCMNISM 

1.  Design  of  Basic  Servo 

When  the  thesis  topic  was  first  chosen,  it  wai3  decided  that  the  best 
way  of  testing  the  proposed  compensators  was  by  using  them  in  conjxmction 
with  an  actual  AC  servomechanismo 

In  accordance  with  the  foregoing,  the  first  project  in  connection 
with  the  thesis  was  the  construction  of  an  AC  servomechanism.  The  use  of 
the  servo  to  test  both  phase-lead  and  phase-lag  compensators  governed  the 
specifications  for  the  system.  The  specifications  were  not  rigid,  of 
course,  but  were  such  as  would  resiilt  in  a  servo  which  would  operate  at  a 
resonant  frequency  of  ten  cps  or  higher.  Further,  the  desirability  of 
linear  operation  is  obvious. 

The  figure  ten  cps  for  a  resonant  frequency  was  chosen  so  that  com- 
pensation ty  phase-lag  methods  (which  Invariably  result  in  a  lowering  of 
the  resonant  frequency)  would  not  result  in  a  resonant  frequency  lower 
than  about  four  cps.  This  figure  was  desirable  in  view  of  the  fact  that 
the  available  test  equipment  would  not  provide  a  complete  frequency  re- 
sponse for  resonant  frequencies  much  lower  than  four  cps. 

The  choice  of  ten  cps  for  a  resonant  frequency  for  the  system  did  not 
mean  that  the  system  was  required  to  have  a  peak  overshoot  less  than  1.5 
in  addition  to  the  resonant  frequency  requirements,  A  peak  overshoot  of 
as  high  as  four  or  five  was  felt  to  be  satisfactory,  since  it  was  reason- 
able to  expect  that  this  could  be  reduced  to  1,5  or  lower  by  phase-lag 
compensation  with  a  consequent  reduction  in  resonant  frequency  of  six 
cps  or  less  —  i,  e.,  a  resultant  resonant  frequency  of  four  cps  or 
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greater. 

These  restrictions  on  the  resonant  frequency  very  definitely  ^governed 
the  characteristics  of  the  components  selected  for  the  system.  Although 
the  selection  of  a  resonant  freqiaency  of  10  cps  is  not  by  any  means  am 
impossible  requirement,  the  fact  that  the  components  cannot  be  carelessly 
selected  is  made  evident  when  one  considers  that  the  average  servonech- 
anism  built  from  readily  available  laboratory  parts  with  the  only  selection 
being  that  the  parts  fit  will  result  in  a  system  with  a  resonant  frequency 
of  ii-  to  5  cps. 

With  the  above  in  mind,  components  were  chosen  having  low  moments  of 
inertia  and  minimum  friction.  Since  the  most  coironon  AC  servomechanisms 
utilize  2  phase  motors,  a  Kearfott  R111-2A  two  phase  4X)0  cycle  drive  motor 
was  decided  upon  and  the  system  was  built  around  this  motor.   (Actually 
a  larger  motor  was  first  tried,  but  tests  indicated  that  its  moasnt  of 
inertia  was  too  high) .  Synchros  were  chosen  as  error  detectors  because  of 
their  very  low  friction.  For  the  necessary  gearing  between  units,  very 
small  lightweight  commercial  gearf  were  utilized  and  gear  ratios  were 
chosen  which  would  minimize  the  effects  of  load  and  gear  train  inertia 
insofar  as  practicable,* 

An  AC  power  amplifier  which  had  been  built  for  a  previous  servomechan- 
ism  thesis  was  tested,  found  suitable  for  this  application,  and  was  used 
without  change, 

A  block  diagram  of  the  basic  system  appears  below. 
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•See  "Theory  of  Servomechanisms"  by  James,  Nichols,  and  Phillips  for  a 
discussion  of  optimura  ^ax  ratios. 

18 


Transfer  functions  for  the  individiial  blocks  and  system  are  as  follows 

Error  detector:    Kg 
Pov/er  amplifier:   K 

Motor :  K^^^    ^ 

sTs^tTT  I"! 
System  transfer  function:    ^^^^ 

s(st,«+l) 

The  construction  of  the  servomechanism  in  accordance  with  the  fore- 
going resulted  in  a  servomechanism  which  could  be  operated  at  a  resonant 
frequency  of  frcan  3  cps  to  a  maximxm  of  12  cps  with  a  peak  overshoot  of 
U   before  the  system  became  unstable.  This  variation  in  resonant  frequency 
could  be  smoothly  controlled  by  variation  in  the  power  amplifier  gain. 

Complete  diagrams  of  the  system,  power  amplifier,  and  identification 
of  components,  gear  ratios,  etc.  are  included  in  the  appendix, 
2,  Response  of  the  Uncompensated  System 

There  are  several  methods  for  determining  the  effectivenass  of  com- 
pensators, but  two  which  are  in  general  use  are  descrAsd  in  subsequent 
paragraphs , 

In  the  first,  the  frequency  response  of  the  system  is  obtained  for  a 
gain  setting  which  results  in  a  desirable  resonant  frequency  and  peak 
overshoot  (in  this  instance  a  peak  overshoot  of  between  1.5  euid  1,9  was 
chosen).  For  this  condition  the  velocity  lag  error  is  determined.  This 
frequency  response  and  velocity  lag  error  is  then  used  as  a  standard, 

A  check  of  the  effectiveness  of  any  particular  compensator  is-  made 
by  inserting  the  compensator  in  the  circuit  and  adjiisting  the  system  gain 

•See  "Principles  of  Servoraechanisms"  by  Brown  and  Campbell  for  a  dev- 
elopment of  the  transfer  function  for  a  two  phase  motor, 
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until  the  peak  overshoot  and  resonant  frequency  are  as  close  to  the  stan- 
dard as  possible.  When  this  condition  is  obtained,  the  velocity  lag  error 
is  again  checked.  The  effectiveness  of  any  particular  compensator  will 
be  reflected  in  the  amount  of  reduction  of  the  velocity  lag  error. 

The  foregoing  is  in  opposition  to  the  more  usual  procedxire  of  driv- 
ing the  system  until  it  is  grossly  underdamped,  then  Judging  the  effect 
of  the  compensator  by  the  improvenent  in  the  frequency  response.  How- 
ever, the  use  of  VI£  (Velocity  Lag  Error)  as  one  criterion  for  effective- 
ness was  selected  because  the  examination  of  phase-lag  compensators  was 
envisioned  as  well  as  phase-lead  compensators,  and  the  real  test  of  effect- 
iveness for  a  phase-lag  compensator  lies  in  the  reduction  of  velocity  lag 
error. 

Both  methods  will  be  used  in  this  thesis,  however,  and  whichever 
criterion  seems  to  be  the  better  for  any  particular  compensator  will  be 
the  one  used.  In  some  cases  both  will  be  used. 

The  device  used  to  obtain  the  transient  and  frequency  responses  was 
the  Dynamic  Analyzer  maniifactured  by  the  Industrial  Control  Co.  The 
device  fumishaa  either  a  step  or  a  sine  function  to  drive  the  servo  along 
with  a  means  for  determing  phase  displacement  between  the  input  and  out- 
put signals.  In  some  instances  the  analyzer  in  conjunction  with  an  os- 
cilloscope was  used  to  determine  the  frequency  response,  while  in  others 
the.  input  and  output  signals  were  fed  to  a  Brush  Recorder  and  the  fre- 
quency response  determined  from  the  recorder  trace. 

The  frequency  response  of  the  uncompensated  system  had  a  rtsnumt 
frequency  of  6  cps,  a  peak  overshoot  of  1.8,  and  a  YI&  of  16.6°  at  250  rpm. 
The  Bode  diagram  for  the  uncompensated  system  is  included  in  the  appendix 
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as  is  the  schematic  diagram  of  the  test  set-up. 
3.  D.  C,  Conpensated  System 

D.  C,  compensation  of  AC  servomechanisms  has  been  widely  and  effect- 
ively used  as  has  been  indicated  previously.  For  this  reason,  it  was 
felt  that  the  effect  of  DC  compensation  on  the  basic  servo  Oould  be  used 
advantageously  as  a  basis  for  judging  the  performance  of  the  AC  compensa- 
tors , 

Before  DC  compensation  Could  be  utilized,  however,  it  was  necessary 
to  construct  rectifier  and  modulator  circuits.  To  accomplish  this,  chopp- 
ers were  used  in  conjunction  with  a  phase  shifter.  The  purpose  of  the 
phase  shifter  being  to  shift  the  phase  of  the  operating  coil  voltage  un- 
til it  was  in  phase  with  the  signal  voltage.  A  synchro  generator  was  used 
for  this  purpose,  but  due  to  the  fact  that  only  two  phase  400  cycle  power 
was  available,  it  was  necessary  to  use  Scott  transformers  to  convert  to 
three  phase.  Circuit  diagrams  are  given  in  the  appendix. 

Rather  than  design  a  DC  filter  network  to  compensate  the  system,  a 
Krohn-Hite  compensator  was  used,  which  is  a  filter  of  the  type  previously 
described  except  that  the  filter  parameters  are  variable,  allowing  smooth 
adjustment  of  the  frequency  range  of  the  compensation. 

The  filter  parameters  were  adjusted  so  that  phase-lag  compensation 
was  effective  from  .05  to  ,6  cps,  resulting  in  a  resonant  frequency  of 
1,5,   a  peak  overshoot  of  1,7,  and  a  velocity  lag  error  of  2,7  degrees  at 
250  rpm.  The  Bode  Diagram  for  the  compensated  system  appears  in  the 
appendix. 


21 


n 

THE  PARALLEL  T 

It  will  be  recalled  from  chapter  I  that  for  an  error  signal  of  the 
foi-m 

the  rasultant  when  a  derivative  signal  is  added  to  the  error  signal  is 


It  is  to  be  noted  at  this  point  that  the  w  in  the  above  equation 
refers  to  the  angular  frequency  of  the  data  signal  and  not  to  the  angular 
frequency  of  the  carrier.  In  DC  error  detectors,  a  constant  error  produces 
a  constant  error  voltage,  while  a  pulsating  or  alternating  error  produces 
a  pulsating  or  alternating  voltage  of  the  same  frequency.  On  the  other 
hand,  with  an  AC  error  detector,  a  constant  error  produces  an  alternating 
voltage  o 

where  ^t.   refers  to  the  carrier  angular  frequency,  and  an  alternating  error 
of  frequency  tOi  produces  an  alternating  voltage 

In  other  words,  an  amplitude  modulated  carrier.   (Obviously,  sines  could 
hcve  been  used  as  well  as  cosines,  but  the  more  usual  development  in  the  lit- 
erature utilizes  the  cosine  form  as  will  subsequent  developments  in  this 
thesis). 

By  the  use  of  trigonometric  identities  the  above  may  be  expressed  in  the 
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usual  sideband  notation  as 

^  =   ~  \^^.»^  Cu4c-v-  taAt    -»-  <L.x  l^v^t-  ^i^Vt  J 

For  example,  if  in  a  given  servo  the  data  frequency  varies  from  zero  to 
15  cps,  then  the  error  voltage  frequency  will  vary  between  335  and  415  ops 
for  a  system  with  a  carrier  frequency  of  ^00  cps. 

From  the  foregoing  discussion,  it  will  be  readily  apparent  that  the 
compensating  network  must  be  such  that  at  the  carrier  frequency,  ^'^   , 
the  voltage  passed  is  equal  to  K-^,   and  at  frequencies  differing  from  ti^,  by 
the  modulation  freqiiency,  ^^  ,  it  must  pass  a  voltage  equal  to 


and  leading  the  phase  of  the  error  signal  by  an  angle  equal  to  tan"-^ 
Such  a  frequency  response  is  shown  graphically  below. 


^2  ^A 


*^  \>-Vh^, 


A  network  which  will  produce  the  above  freqxiency  response  and  which  has 
bean  widely  used  is  the  Parallel  T,  first  described  by  Augustadt  and  used  in 
power  supply  circuits.  Many  papers  have  appeared  in  the  literature  on  the 
parall§4  T  and  commercial  servo  amipllfiers  are  available  which  utilize  the 
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circuit.  The  basic  circuit  appears  below, 

(I 
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The  value  of  K  for  which  minimum  attenuation  is  obtained  for  a  given 
bandwidth  is  equal  to  unitj. 

The  parallel  T  may  be  analyzed  by  replacing  the  circuit  with  its 
equivalent  lattice*,  but  it  can  be  done  equally  well  by  using  mesh  current 
methods.  The  result  of  this  analysis  is  that  for  frequencies  close  to  the 
null  frequency  the  phase  of  the  input  signal  has  been  shifted  by  ninety 
degrees—plus  90°  for  frequencies  ab«ve  the  null  frequency  and  minus  90° 
for  frequencies  below.  The  graphical  and  frequency  response  of  the  filter 
is  shown  below. 


•See  "Servomechanism  Fundamentals"  by  Lauer,  Lesnick,  and  Matson, 
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Froa  the  above  responvse  it  is  apparent  that  a  bypass  channel  must  be 
provided  before  the  filter  can  be  used  as  a  phase  lead  compensator.  The 
modified  filter,  suitable  for  use  as  a  phase-lead  compensator,  is  sketched 
below. 
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Although  a  laborious  procedure,  this  circuit  can  be  analyzed  by  ordinary 
methods  and  a  transfer  function  in  terms  of  the  data  frequency  can  be  written. 
However,  during  the  course  of  the  thesis,  I  developed  a  method  of  analysis  that 
utilized  the  known  response  of  the  parallel  T  and  which  givas  the  desired  data 
transfer  function  by  relatively  simple  methods.  The  method  can  best  be  ex- 
plained by  means  of  an  example.  The  circuit  above,  with  a  known  transfer 
function,  is  used  as  the  example. 

Assuming  input  error  signal  equal  to 

or. 


With  the  above  input,  the  output  is : 
but. 
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Therefore,  the  output  may  be  expressed  as 

Assuming  a  bypassed  signal  of  eq\ial  amplitude,  the  sum  of  the  bypassed 
and  parallel  T  output  signals  is 

Multiplying  and  dividing  by   */^y  l^^  +  k."^   ,  the  above  may  be 
expressed  as 


H-   ^^  (^   «-*n. 


Uc-^A>iv    -V-  f^  ^  ci.:..  (,^c -viJiiV^ 


but  K,    is  a  function  of  ii<i  =    K  u^A  , 

By  trigonorae-tric  identities  the  above  becomes 


z    y^C    -V-  LUwkV       Usi,    I  ^  A  t    -t-  iSi^      t*;>    v-^ctr 


Where  ,,  ._     -^        fc  uA 

3  Vilbv*^ 


H 


In  transfer  function  notation  this  may  be  written 

If  the  above  method  were  restricted  to  the  above  circuit,  it  would  be 
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of  limited  interest  since  the  transfer  fxinction  for  the  circuit  is  known, 
However,  the  method  can  readily  be  used  on  any  circuit  which  employs  the 
parallel  T  as  part  of  the  circuit. 
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V 


AN  IMPROVED  PHASE-I£AD  COMPENSATCE 
USING  TIffi  PARALI£L  T 


It  was  pointed  out  in  the  previous  chapter  that  commercial  servo 
amplifiers  which  use  the  parallel  T  circuit  are  in  ccKnmon  use.  The  cir- 
cuit employed  in  one  of  the  conmercial  amplifiers  is  given  below. 


a:^ov 


e;. 


\<i^ 


-AAW 
-HI 


■AVvV 


■HI — 


l^'oOivM^  -__      SiUi'l^. 


The  above  circuit  is  essentially  the  same  as  the  circuit  shown  before 
except  for  the  fact  that  values  for  the  filter  components  are  added  and 
that  a  potentiometer  input  to  the  filter  is  used. 

The  potentiometer  input  is  obviously  for  the  purpose  of  controlling 
the  amount  of  compensation.  For  maximum  effect  about  93%   of  the  error 
signal  is  taken  as  an  input  to  the  parallel  T  and  7%   of  the  signal  is  by- 
passed. From  the  frequency  response  of  the  commercial  compensator  which 
appears  in  the  appendix  it  is  apparent  for  error  frequencies  of  the  order 
of  16  cps,  the  signal  through  the  compensator  has  a  maximum  value  of  .147 
volts  with  a  maximum  phase  shift  of  about  ten  degrees. 

The  above  analysis  was  made  on  the  basis  of  the  frequency  response 
shown  in  the  appendix;  however,  freqixency  responses  were  obtained  for  a 
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nunber  of  coranercial  filters  and  the  one  shown  is  representative.  From 
the  foregoing  it  is  apparent  that  the  above  circuit  configuration  will 
have  a  negligible  effect  as  far  as  phase-lead  compensation  is  concerned, 
and  from  my  limited  experience  I  have  found  this  substantiated  in  practice. 
Further,  not  much  can  be  done  to  improve  the  performance  by  changing  the 
ratio  of  voltage  input  to  the  filter.  Further  reduction  of  the  bypassed 
signal  must  be  compensated  by  an  increase  in  the  amplifier  gain  with 
attendant  noise  and  pick-up  difficulties,   (Any  circuit  using  a  null  filter 
must  be  carefully  shielded  and  grounded  since  the  circuit  offers  very  high 
input  impedance  at  the  null  frequency  and  much  lower  impedance  for  signals 
of  different  frequency,  such  as  would  be  induced  by  stray  fields.) 

It  was  early  decided  in  the  consideration  of  this  problem  that  it 
would  be  necessary  to  bypass  a  signal  of  greater  amplitude.  However,  if 
this  were  done  it  would  be  necessary  to  raise  the  voltage  level  of  the 
output  sij^nal  of  the  filter  before  the  two  signals  were  added.  This,  in 
itself,  offers  no  problem,  and  the  construction  of  the  compensator  pro- 
ceeded cilong  these  lines. 

A  two  stage  preamplifier  was  constructed  utilizing  a  twin-triode  6SN7, 
The  two  stages  shift  the  phase  of  the  filter  output  by  360°  and,  therefore, 
the  previous  mathematical  development  is  still  valid.  A  parallel  T  to  be 
used  in  conjunction  with  the  preamplifier  was  built  of  quality  components 
carefully  measured  by  the  most  precise  bridges  available.  The  figure  of 
723  uuf  was  determined  by  measuring  a  large  number  of  capacitors  and  select- 
ing tvo  which  were  precisely  equal. 

The  greatest  difficulty  encountered  in  this  approach  to  the  problem 
lay  in  the  addition  of»  the  amplified  filter  output  and  the  bypassed  signal* 
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In  the  conventional  circuit  no  difficxilty  arises  because  one  side  of  the 
input  is  grounded  and  this  side  of  the  signal  is  the  input  to  the  grounded 
side  of  the  power  amplifier.  However,  in  the  proposed  circuit  the  filter 
output  is  to  bo  amplified,  and  since  a  single  power  supply  seems  desirable, 
it  is  necessary  to  gro\md  one  side  of  the  filter.  Opposed  to  this  is  the 
mandatory  requirement  that  the  input  signal  be  grounded  at  the  point  of 
lowest  potential  in  order  to  reduce  the  problem  of  pick-up.  This  particu- 
lar difficulty  is  readily  overcome  by  using  an  isolating  transformer  for 
the  bypass  signnJL,  The  most  obvious  method  for  adding  the  two  signals 
was  to  put  the  secondary  of  the  bypass  transformer  in  series  with  the  out- 
put of  the  pi'eamplifier.  Although  not  apparent  initially,  this  solution 
resulted  in  positive  feedback  and  resultant  instability  of  the  amplifier , 
Several  approaches  to  the  problem  were  made,  but  it  was  eventually  solved 
by  applying  the  filter  output  and  bypassed  voltages  to  the  inputs  of  two 
cathode  followers  operating  in  push-pull.  The  outputs  of  the  cathode 
followers  were  added  in  the  primary  of  a  transformer,  and  the  transfonner 
secondary  voltage  was  applied  to  the  input  of  the  power  amplifier <> 

The  complete  circuit  diagram  for  the  filter,  preamplifier,  and  cat- 
hode followers  is  included  in  the  appendix. 

Reference  to  the  frequency  response  for  the  parallel  T  and  pre- 
amplifier in  the  appendix  will  shonv  that  the  response  of  the  filter  and 
preamplifier  is  very  much  better  than  the  response  of  the  coinmercial  com- 
pensator. At  a  high  preamplifier  gain  it  ±3   possible  to  double  the  input 
signal  to  the  power  amplifier  when  the  error  frequency  goes  from  zero  to 
twenty  cyclas  per  second.  This  increase  in  signal  amplitude  is  accompaniod 
by  a  shift  in  phase  of  over  50°  at  twenty  cps,  ?4oreover,  by  means  of  the 
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preamplifiar  gain  control,  the  amount  of  compensation  can  be  smoothly  varied 
from  zero  to  the  maximum  value.  This  is  to  be  compared  to  the  response  of 
the  commercial  amplifier  which  gave  an  increase  in  magnitude  of  less  than 
three  percent  and  a  phase  shift  of  about  ten  degrees  for  the  same  error 
frequency. 

The  frequency  response  for  the  filter  and  preamplifier  was  obtained 
by  using  the  servomechanism  analyzer  for  an  amplitude  modulated  input  signal, 
which  furnishes  modulation  frequencies  from  zero  to  about  twenty  cps  and 
by  chopping  the  input  and  output  signals  which  were  then  applied  to  a  two 
channel  Brush  Recorder,  This  method  permits  a  rapid  evaluation  of  any 
particular  compensator  and,  further,  gives  a  permanent  record,  A  circuit 
diagram  of  the  test  set-up  used  is  Included  in  the  appendix. 

To  investigate  the  effect  of  the  compensator  on  system  performance, 
frequency  responses  were  taken  for  three  separate  power  amplifier  gain 
levels,  giving  three  degrees  of  underdamping.  Then  without  change  in  the 
gain  of  the  power  amplifier,  but  with  a  step  input  rather  than  a  sine,  the 
gain  of  the  preamplifier  was  adjusted  to  give  a  more  satisfactory  transient 
response.  Following  this  #tep,  freqiiancy  responses  for  the  system  were 
again  taken. 

The  Brush  Recorder  trace  of  the  transient  responses  for  two  power 
amplifier  gain  levels  (both  uncompensated  and  compensated)  are  included  in 
the  appendix  as  is  the  Bode  Diagram  for  one  gain  level.  Although  the  most 
striking  evidence  of  the  effectiveness  of  the  compensator  appears  in  the 
transient  response  comparisons  (particularly  the  high  gain  setting),  it  is 
apparent  in  the  Bode  Diagram  as  may  be  seen  in  the  change  in  the  slope  of 
the  magnitude  curve  from  about  -12  db/octave  to  -6  db/octave.  This  change 
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in  the  magnitude  curve  is  accompanied  by  a  change  in  the  phase  angle  curve. 
The  phase  angle  curve  decreases  at  a  much  slower  rate  and  becomes  a  minimum 
just  before  the  crossover  point  in  the  compensated  response;  whereas  in  the 
uncompensated  response,  the  phase  angle  curve  continually  decreases  and 
approaches  -130°  as  a  limit. 

The  system  transient  and  frequency  responses  were  obtained  in  a  manner 
similar  to  that  for  the  frequency  response  of  the  compensator;  i.  e,,  the 
input  and  output  signals  were  chopped  and  applied  to  a  two  channel  Brush 
Recorder^  A  simplified  schematic  of  the  test  circuit  is  in  the  appendix. 

To  sunmarize,  I  think  it  is  evident  that  this  method  of  phase-lead 
compensation  is  much  superior  to  the  method  commonly  used  at  present.  And 
economically  speaking,  the  cost  of  the  filter,  preamplifier,  and  power 
amplifier  will  be  no  more  than  the  cost  of  the  present  filter  and  high 
gain  power  amplifier,  except  for  the  fact  that  two  additional  transforiaers 
are  used.  However,  when  one  compares  the  performance  of  the  two  con^sen- 
sators,  the  increased  cost  of  the  additional  transformers  seems  to  be 
well  justified p 

A  low  w  versus  magnitude  and  phase  angle  diagram  for  both  the  commer- 
cial compensator  and  the  parallel  T-preamplifier  circuit  are  included  in 
the  appendix. 
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VI 


PH^SE  UG  COMPENSATION  USING  TWO  PARALLEL  T  GIRGUITS 


It  will  be  recalled  from  the  discussion  of  phase-lag  or  integral 
compensation  in  chapter  I  that  for  a  sine  function  error  signal,  the 
output  signal  voltage  of  the  compensator  added  to  thd  error  signal  re- 
sults in  a  signal  voltp.g8  of  the  following  form: 


K,  1  -^  Kv  j  £  At  --   ^^^  /  ^  -^  \:^\  17-       Rul.  i  ^  i  -V^ 


or,  equally  well 


\<. 


\  -V 


US 


0:*>-   \  ^jO^  -  ^^ 


Where,  as  before,  the  t^  refers  to  the  data  angular  frequency.  In  other 
words,  the  signal  output  approaches  infinity  as  the  frequency  of  the  error 
signal  approaches  zero  and  becomes  less  and  less  as  the  error  signal  fre- 
quency increases. 

It  will  further  be  recalled  from  the  discussion  in  chapter  II  that 
although  a  true  integrator  will  shift  the  phase  of  the  signal  in  a  nega- 
tive direction,  this  effect  is  actually  unwanted.  The  desirable  output 
of  a  phaso-lag  compensator  is  a  signal  which  decreases  as  a  function  of 
frequency,  but  in  which  the  phase  angle  of  the  signal  is  unaffected  by 
frequency.  Such  a  response  is  shoim  graphically  below.  . 
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Although  phase-lag  compensation  can  be  accomplished  by  rectifica- 
tion and  DC  filter  networks,  as  previously  indicated,  the  advantages  of  on 
AC  network  are  obvious.  One  solution  to  the  problem  has  been  to  use  a  tuned 
circuit  which  will  give  the  above  response;  however,  the  tuned  circuit  has 
many  disadvantages  and  is  not  generally  used*.  When  AC  networks  are  con- 
sidered, the  desirability  of  an  RC  filter  from  the  standpoint  of  component 
size,  weight,  and  economy  is  evident. 

Considering  the  above,  the  possibility  of  using  a  Parallel  T  in  a 
phase-lag  circuit  immediately  suggests  itself.  The  major  problem,  of  course, 
being  tha  inversion  of  the  output  signal.  In  the  light  of  the  previous  work 
done  on  this  thesis,  one  is  naturally  led  to  considering  modifications  of 
the  circuit  used  to  phase -lead  compensate  the  system.  If  the  bypass  feature 
of  the  previous  compensator  is  retained,  then  the  problem  is  to  subtract 
the  output  of  the  filter  from  the  bypassed  signal.  However,  for  data  fre- 
quencies of  the  order  of  15  to  20  cps,  the  output  of  the  parallel  T  is 
essentially  in  quadi*ature  with  the  bypassed  signal.  And  since  the  sub- 
traction (or  addition)  of  any  signal  In  quadrature  with  the  bypassed  signal 
can  only  result  in  a  signal  of  greater  magnitude,  one  is  led  to  a  consid- 
eration of  the  effect  of  shifting  the  phase  of  the  filter  output.  Ifore- 
over,  if  phas^^-shift  of  compensator  output  is  undesirable,  the  filter  out- 
put must  be  shifted  by  90®;  this  will  result  in  a  signal  either  in  phase  or 
130°  out  of  phase  with  the  bypassed  signal,  dependihg  on  whether  the  filter 
output  is  plus  90°  or  minus  90°  with  reference  to  the  bypassed  signal.  This 
is  precisely  the  reason  why  one  parallel  T  cannot  be  used.     It  will  be  re- 
called that  the  input  to  the  filter  is  composed  of  the  two  sideband  signals 
for  ^^  not  Z3ro  and  the  output  likewise  contains  both  signals,  one  shifted 

•See  "Servomechanism  Fundamentals "  by  Lauer,  Lesnick,  and  J-Satson, 
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by  plus  90*^  and  the  other  by  minus  90°.  A  solution  to  the  problem  would 
be  to  invert  tho  minus  90°  sideband  signal  and  to  shift  the  phase  of  the 
two  in-phase  signals  by  plus  90°;  but  when  one  realises  the  difficulties 
connected  with  such  selective  inversion,  other  solutions  to  the  problem 
are  sought.  Having  eliminated  the  single  T,  the  feasibility  of  using 
more  than  one  parallel  T  to  accomplish  the  same  result  was  considered. 

If  the  output  of  one  filter  were  such  as  to  be  predominantly  plus 
90°,  and  the  output  of  a  second  filter  were  predominantly  minus  90°,  then 
the  output  of  the  two  filters  could  be  subtracted  and  the  resultant  sig- 
nal (which  would  be  in  phase)  could  be  used  as  an  input  to  a  phase  shift- 
ing circuit.  As  before,  the  output  of  the  filters  woiiLd  have  to  be  am- 
plified before  being  added  to  bypassed  signal;  therefore  an  amplifier 
which  also  shifted  the  phase  of  the  signal  would  be  desirable.  This  can 
be  done  by  adjusting  the  value  of  the  coupling  capacitance  between  stages 
of  an  audio  amplifier.  To  convert  the  amplifier  used  previously,  it  would 
only  be  necessary  to  replace  the  0.02  coupling  capacitors  with  capacitors 
whose  capacitive  reactance  was  equal  to  the  grid  resistor,  Rg. 

The  possibili'ty  of  constructing  an  asymmetrical  parallel  T  was  con- 
sidered (output  on  one  side  of  the  null  point  greater  than  the  other  side), 
but  it  seemed  the  easier  solution  was  displacement  of  the  null  point  (see 
frequency  response  of  the  commercial  parallel  T  in  the  appendix). 

The  following  is  a  graphical  illustration  of  what  is  suggested  by 
the  foregoing: 
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For  an  in-phase  input  to  the  two  filters  and  with  the  outputs  in 
opposition,  the  filter  centered  at  390  cps  would  give  a  high  output  for 
the  positive  sideband  and  the  other  a  high  output  for  the  negative  side- 
band. This  is  the  desired  result,  and  as  a  check  on  the  physical  reason- 
ing, a  mathematical  analysis  of  the  circuit  was  made.  It  follows: 
(Reference  to  the  circuit  diagram  for  the  t^^fo  filters  and  phase-shift- 
ing amplifier  in  the  appendix  will  aid  in  following  the  analysis). 

With  an  amplitude  modulated  signal  input  of  the  form 

or,  equally  vrell 

the  output  of  the  upper  parallel  T  (390  cps  null  point)  is 

and  the  output  of  the  lov;er  parallel  T  (410  cps  null  point) 
t  i  ''k  ^-  Uc.  ^^At   V  '^  ^^%    o..  Uc-  ^A')t: 

Assuming  that  K-  is  very  small  compared  to  K.  due  to  the  flatness 

of  the  notch  (See  the  parallel  T  frequency  response  in  the  appendix,), 

then  K^  may  be  neglected.  Neglecting  K2,  the  output  of  the  two  filters 

becomes 

Applying  this  signal  to  the  phase-shifting  amplifier,  the  output  of  the 
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amplifier  is  (90°  positive  phase-shift  in  the  amplifier) 

The  bypassed  signal  equals 

and  adding  the  amplifier  output  to  the  bypassed  signal,  the  resultant 
signal  is 

which  equals 

since  K,=  f(^i\)     =  Ki^A,  this  can  be  expressed  as 

Vic.  -  W  oi  A )   «^^  ^  ^  t-   ^-  ^  c  t 

and,  as  previously  indicated,  this  is  the  desired  result. 

After  the  compensator  was  constructed,  the  frequency  response  was 
obtained  using  the  same  test  circuit  that  was  used  for  the  phase-lead 
compensator;  however,  the  response  of  the  compensator  did  not  meet  ex- 
pectations. Only  a  negligible  reduction  in  signal  amplitude  with  fre- 
quency was  noted.  This  was  felt  to  be  due  to  the  fact  that  the  assump- 
tions made  in  developing  the  compensator  were  not  followed  in  practice; 
namely,  the  output  of  the  filters  for  the  first  10  cycles  either  side  of 
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tho  null  point  could  not  be  disregarded. 

Although  this  portion  of  the  thesis  was  apparently  \insucc9ssful,  I 
feel  that  the  approach  to  the  problem  has  merit  and  that  it  should  be   > 
possible  to  develop  a  phase-lag  compensator  following  the  above  procedure. 
The  possibility  of  constructing  an  asynmetrical  parallel  T  was  considered, 
as  noted  before,  but  was  not  pursued  further,, 

The  obvious  advantage  to  a  designer  of  having  phase-lead  and  phase- 
lag  filters  so  closely  related  that  one  amplifier  would  serve  for  both 
and  of  being  able  to  use  either  by  merely  selecting  a  toggle-switch  posi- 
tion aj-e  apparent. 
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VII 


BAND  PASS  FIIiTSR  COI^EffiNSATCR 
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Jn  DC  compensation  of  servos,  RC  filters  are  commonly  used  as  phase- 
lead  and  phase-lag  filter  compensators  as  was  indicated  in  chapter  II, 
The  design  of  these  filters  is  relatively  simple  and  when  the  double  T 
phase-lag  compensator  was  not  immediately  successful,  attention  was  given 
to  the  possitility  of  adapting  these  filters  for  use  with  an  AC  servo. 

It  will  be  recalled  that  the  characteristic  of  an  AC  phase-lag  com- 
pensator is  a  high  output  for  a  zero  data  frequency  and  decreasing  sig- 
nal strength  with  increasing  data  frequency.  The  basic  idea  is  to  ob- 
tain this  response  by  cascading  high  and  low  pass  filters  having  a  com- 
mon break  point  at  the  carrier  frequency. 

For  tho  high  pass  filter 


Hl- 


^c 


a  transfer  function  is  readily  developed  as  follows  t 


Z.    = 


Et  ^ 


which  may  bo  written  as 
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and  for  a  break  point  located  at  /t.00  cps, 
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The  asymptotic  decibel-log  vo    plot  of  the  foregoing  filter  is 
shov/n  belo\/. 
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For  the  lev  pass  filter 
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tho  transfer  function  is 
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which  equals 
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and 
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The  above  transfer  function  has  the  follov;ing  asymptotic  plot, 


AO 


^^ 


"\. 

-  - 

1 

.  i 

;\ 

'■■- 

"*-. 

} 
1 

^•v._ 

4o« 


9oo 


Cascading  the  filters  results  in  the  following  plot, 
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•^^ 


From  these  plots  it  is  evident  that  for  two  such  filtei's  in  cas- 
cade, th3  attenuation  per  octave  is  six  decibels.  In  view  of  the  fact 
that  an  appraciable  signal  reduction  must  be  achieved  with  data  fre- 
quencies on  the  order  of  20  cps,  two  such  filters  will  be  patently  in- 
adequate. However,  if  multiple  stage  filters  are  used,  then  an  attenua- 
tion of  6K  docibels  per  octave  for  each  filter  is  theoretically  possible, 
where  K  is  the  number  of  stages. 
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In  order  to  verify  the  foregoing  analysis,  four  stage  filters  were 
constructed;  i,  e.,  four  stage  high-pass  and  four  stage  lov-pass  filters. 
The  frequency  response  for  each  filter  separately  gave  an  attenuation  of 
16  decibels  per  octave,  which  was  felt  to  be  acceptable.  It  was  not  possi- 
ble to  cascade  the  two  filters  directly,  however,  since  the  availability 
of  components  prevented  the  construction  of  eight  stages  with  an  impedance 
ratio  of  ten  per  stage.  In  order  to  match  the  output  of  the  high-pass 
filter  to  the  input  of  the  low-pass,  a  vacuum  tube  amplifier  was  used  as 
an  isolation  stage  between  filters.  The  complete  circuit  diagram  of  the 
filter  is  shown  in  the  appendix. 

The  poor  response  of  the  compensator  (about  6  decibels  per  octave) 
led  to  variations  in  the  coupling  circuit— e.g.,  a  cathode  follower  in 
place  of  the  amplifier,  but  with  no  change  in  the  response.  The  poor 
response  is  attributed  to  the  fact  that  the  break  point  for  the  filters 
is  not  sharp,  as  is  indicated  in  the  asymptotic  plots,  but  is  much  more 
gradual.  This,  of  course,  was  known  and  the  task  of  building  the  com- 
pensator was  undertaken  to  determine  the  degree  of  variation.  The  pre- 
ceding can  be  shown  more  effectively  by  consideration  of  the  actual 
decibel-log  oo  plot  for  the  compensator. 
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In  the  light  of  this  response,  it  is  felt  that  any  reasonable  in- 
crease in  th3  nuinber  of  stages  per  filter  would  have  a  negligible  effect 
on  the  overall  response.  Accordingly,  no  further  work  was  done  on  this 
aspect  of  compensation. 
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VIII 

DISCUSSIOJ,   CCaiCLUSIONS,  AND  KSCOMSNDATIONS 

1,  Discussion 

In  discussing  the  results  of  any  experimental  work  it  is  well  to 
point  out  the  ILmitations  imposed  "by  the  equipment  itself  and  ty  the 
measuring  devices  used  to  obtain  the  data. 

As  regards  the  equipment,  great  care  was  taken  to  insure  that  the 
amplifiers  were  linear  over  the  range  of  input  signals  applied  and  that 
the  fit  of  the  gearing  used  was  such  as  to  give  a  minimum  of  backlash 
and  yet  not  bind  at  any  point.  The  use  of  gearing,  however,  almost  in- 
evitably results  in  some  non-linearity.  Moreover,  the  two-phase  induction 
motor  is  a  non-linear  device,  contrary  to  the  transfer  function  used  in 
chapter  III.  At  best,  the  two-phase  motor  approaches  linearity  only  over 
a  limited  operating  range.  For  a  more  complete  discussion  of  the  motor, 
reference  is  made  to  the  literature. 

The  result  of  these  non-linearities  is  apparent  in  the  Bode  Diagrams 
for  the  system.  In  the  diagrams  for  the  uncompensated  and  for  the  DC 
compensated  system  the  solid  lines  represent  the  linear  transfer  function 
for  a  systen  with  approximately  the  same  magnitude  of  gain.  The  departure 
of  the  experimental  points  from  these  lines  is  indicative  of  the  degree 
of  non-linearity  present  in  the  system. 

It  has  often  been  said  that  in  taking  experimental  data,  the  sel- 
ection of  ths  measuring  devices  employed  depends  almost  entirely  on 
the  degree  of  accuracy  required  in  the  particiilar  application.  And  in 
obtaining  frequency  responses  for  any  particular  servomechanism  component 
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or  system,  absolute  magnitude  levels  are  not  so  important  as  relative 
magnitude  levels.  This  makes  the  two  channel  Brush  Recorder  well  adapted 
to  aervomechanism  work.  Most  of  the  data  taken  in  this  thesis  were  re- 
corded on  the  Brush  Recorder  and  the  curves  not  directly  obtainable  from 
the  recorder  were  developed  from  recorder  data  hy   the  use  of  auxiliary 
graphical  procedures.  Magnitude  values  on  the  recorder  may  be  read  to 
accuracies  vithin  about  two  percent  of  the  maximum  value  of  the  input  sig- 
nal, which  is  well  within  the  requirements  for  frequency  response  measure- 
ments. Phase  differences  between  the  input  signals,  though  not  capable  of 
as  precise  a  measurement  as  magnitude  differences,  are  still  within  the 
necessary  requirements.  Phase  difference  can  be  read  with  an  accuracy 
varying  between  three  and  ten  degrees,  depending  on  the  magnitude  of  the 
difference. 

Although  this  thesis  has  been  entitled  "AC  Ccmpensation  of  AC  Servo- 
mechanisms",  it  has  by  no  means  encompassed  the  entire  field  of  AC  com- 
pensation. On  the  contrary,  it  has  considered  only  a  very  limited  as- 
pect of  compensation;  namely,  what  has  been  termed  "Series  AC  Compensation" 
by  some  authors.  And  serias  compensator  possibilities  have  been  far  from 
exhausted.  Sane  of  the  factors  which  governed  the  selection  of  the  par- 
ticular compensators  studied  were :  (l)  economy,  (2)  ease  of  design  and  - 
manufacture,  and  (3)  a  design  need  for  the  compensator.  By  the  last  is 
meant,  the  ability -of  the  compensator  to  be  adjusted  so  that  it  may  be  used 
in  a  large  number  of  applications  without  the  necessity  for  redesign  for 
each  application. 
2,  Conclusions 

As  a  result  of  this  investigation,  it  has  been  definitely  determined: 
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a.  That  the  par-allel  T  compensator  used  in  coinmercial  equipment  has  very 
Little  effect  on  performance  and  essentially  produces  no  beneficial  re- 
sults. This  can  readily  be  seen  in  the  frequency  response  of  the  coimner- 
cial  compensator  which  appears  in  the  appendix.  At  a  data  frequency  of 
zero  cycles  per  second,  the  output  of  the  compensator  is  0.L4  volts  for 

a  one  volt  input;  while  at  a  data  frequency  of  l6  cps,  the  output  has  in- 
creased 0,01  volts  to  a  total  of  0.15  volts.  This  is  a  negligible  change 
in  magnitude  J  moreover,  the  log  w  vs.  magnitude  and  phase  angle  curve  shows 
that  this  slight  change  in  magnitude  is  accompanied  by  a  change  in  phase 
angle  of  only  ten  degrees.  The  straight  parallel  T  with  a  bypass  section 
can  therefore  be  eliminated  as  an  adequate  series  compensator, 

b.  The  parallel  T  can  be  made  to  supply  adequate  phase-lead  compensation 
if  the  output  of  the  filter  is  preamplified  before  being  added  to  the  by- 
passed signal.  The  difficult  problem  of  adding  the  preamplifier  output  to 
the  bypassed  signal  was  satisfactorily  solved  dui^ing  the  course  of  this  in- 
vestigation. The  effectiveness  of  this  compensator  can  only  be  appreciated 
by  examination  of  the  frequency  response  curve  and  the  log  w  vs,  magnitude 
and  phase  angle  curve  in  the  appendix.  The  frequency  response  curve  in- 
dicates that  for  zero  data  frequency  the  output  of  the  compensator  is  one 
volt  for  a  one  volt  input ;  while  for  a  data  frequency  of  16  cps ,  the  out- 
put is  1.7  volts,  and  for  a  data  frequency  of  21  cps  the  outpoit  voltage  is 
exactly  doubled.  This  is  to  be  compared  to  the  response  of  the  straight 
parallel  T  compensator  under  (a)  abc/B,  Furthermore,  accompanying  this 
change  in  magnitude  is  a  change  in  phase  angle  of  sixty-five  degrees. 

This  compensator  not  only  produces  satisfactory  results  but  is  the 
best  riethod  of  series  phase-lead  ccanpensation  which  has  been  encoomtered 
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c.  The  use  of  cascaded  high-pass  and  low-pass  filters  as  a  phase-lag  con>- 
pensator  is  not  practical  because  the  attenuation  of  the  signal  as  a  func- 
tion of  the  data  frequency  cannot  be  made  sharp  enough, 
3 •  Recommendations 

In  making  recommendations  for  future  thesis  topics,  I  have  restricted 
mysolf  to  the  particular  field  covered  by  this  thesis;  i,  e.,  to  series  AC 
compensators, 

A  great  deal  of  research  has  been  done  on  the  subject  of  phase -lead 
compensation  and  particularly  on  the  use  of  the  parallel  T  circuit  as  a 
compensator.  But,  to  my  knowledge,  none  of  the  compensators  previo\isly  de- 
veloped can  compare  to  the  effectiveness  of  the  parallel  T-preamplifier  cir- 
cuit. Since  this  thesis  was  concerned  primarily  with  ideas  and  not  with  op- 
timum results,  a  thesis  topic  which  would  be  particularly  appropriate  to  the 
Postgraduate  School  wotild  be  a  study  of  the  parallel  T-preamplifier  circuit 
with  an  end  view  of  reducing  component  size  and  obtaining  optimum  response. 
This  project,  tho\igh  more  of  an  applied  engineering  problem  than  a  research 
problem,  seens  to  me  to  be  of  sufficient  interest  to  the  Navy  as  to  make  the 
topic  acceptable. 

In  spite  of  the  fact  that  I  was  unable  to  make  the  double  T  phase -lag 
compensator  work  successfully  in  the  time  available,  I  feel  that  it  was 
primarily  due  to  the  fact  that  the  output  of  the  parallel  T's  was  too  high 
near  the  null  point,   (This,  of  course,  is  desirable  in  a  phase-lead  com- 
pensator) .  It  is  my  belief  that  the  proposed  circuit  will  work;  that  it  is 
merely  a  question  of  shaping  the  parallel  T  response  until  it  approxiraates 
tho  assumptions  made  in  the  development  of  the  compensator.  At  least  one  of 


the  items  which  has  an  effect  on  the  shape  of  the  frequency  response  is 
the  relationship  between  circuit  parameters.  Some  work  has  been  done  in 
this  regard  but  with  a  different  end  in  view. 

Still  another  possibility  of  approximating  the  desired  response  lies 
in  the  use  of  asyannetrical  parallel  T's.  These  circuits  have  also  been 
investigated  in  some  detail,  and  before  any  actual  experimental  work  is 
attempted  it  would  be  advantageous  to  make  a  careful  study  of  the  litera- 
ture available  on  the  subject. 

The  experimental  verification  of  an  altogether  different  type  of  AC 
compensator,  which  has  been  proposed  by  Mitchel  and  Guidal  of  the  Naval 
Electronics  Laboratory,  might  be  a  suitable  thesis  topic.  The  compensator 
proposed  by  Mitchel  and  Guidal  appears  in  a  report  prepared  for  the  Bureau 
of  Ships  and  entitled  "Stabilizing  Systems  for  AC  Servos",  The  report  may 
be  obtained  from  ASTIA,  where  it  is  listed  under  ATI  number  83123.  The  re- 
port was  read  and  briefly  considered  in  that  the  design  formulae  furnished 
by  the  authors  were  utilized  to  design  a  phase-lag  compensator  for  the  basic 
test  servomechanism.  That  is,  the  design  formulae  were  followed  as  far  as 
practicable.  The  limiting  factor  in  the  formulae  is  the  Q  cf  the  coils  \ised 
in  the  compensator.  None  of  the  coils  available  had  a  sufficiently  high  Q, 
This  difficulty  may  be  overcome  in  particular  instances  by  the  manufacture 
of  high  Q  coils  or  by  synthetically  raising  the  Q  of  the  coils  available  by 
the  use  of  vacuum  tube  circuits.  This  particular  investigation  may  be  well 
worth  while  in  view  of  the  amount  of  work  done  by  Mitchel  and  Guidal,  If 
the  vacuum  tube  approach  were  successful,  it  would  remove  a  big  restriction 
on  the  design  fonmilae. 
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